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PREFACE

This report describes a study of conceptual oil di sper -
sion modeling for Lower Cook |Inlet and Shelikof Strait,
Al aska. The work was performed under Contract No.
NASBORACOO075 between Danes & More and the National Cceanic
and Atnospheric Adm nistration. In addition to the study
reported herein, other studies perforned under Contract No.
NASBORACOO075 include an oil spill trajectory analysis for
Lower Cook Inlet and Shelikof Strait, a wind transition matrix
anal ysis, and an evaluation of CODAR data taken in Lower Cook
Inlet. These studies have been previously submtted under
separate cover to OCSEAP.

This study was supported by the Bureau of Land Managenent
t hrough interagency agreenent with the National Cceanic and
At nospheric Administration, under which a nulti-year program
responding to needs of petroleum devel opment of the Al askan
continental shelf is managed by the Quter Continental Shelf
Environmental Assessment Program (OCSEAP) Offi ce.
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1. | NTRODUCT! ON
1.1 PURPGCSE

This study was initiated by the Quter Continental Shelf
Envi ronnental Assessnent Program (OCSEAP) on behalf of the
Bureau of Land Managenent. This is one of a series of studies
conducted by Danes & More to investigate the behavior Of
hypot hetical oil spills on the Alaskan Quter Continenta

Shel f. The previous studies have been limted to simnulation
of centroidal trajectories wthin Lower Cook Inlet and
Sheli kof Strait. There were two primary reasons for limting

these studies to the use of trajectory nodels: 1) to respond
to BLMs imedi ate needs for oil spill risk assessnment data in
conjunction with their environnmental inpact statenents; 2) to
enpl oy those strategies and algorithns that were consistent
wth the data base available on environmental forcing fields
in the study area.

Wiile continued trajectory studies will no doubt be
required in the future, it is now appropriate to begin those
studies and develop those tools that will neet BLMs | ong
range needs to reliably describe and forecast the fate of
spilled oil on the Alaskan Quter Continental Shelf. The con-
ti nued environnmental studies in the Gulf of Al aska provide
i ncreased confidence in our know edge of the driving forces
which now appear to justify nmore sophisticated nodeling
approaches.

To this end, the present study focused on review ng,
eval uating, and recomrendi ng existing numerical techniques and
algorithns used to predict the fate of spilled oil in the
marine environnent. Consi deration of state-of-the-art tech-
niques for nodeling the dispersion, weathering and transport
of an oil slick has resulted in the devel opnent of a concep-
tual oil spill nodel. This nodel blends the nost
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attractive features of applied technology with the specific
physi cal and chemi cal characteristics of Lower Cook Inlet and
Shelikof Strait, Al aska.

1. 2 SCOPE

This study was conducted in accordance with the scope of
services for Task Il detailed in the Danes & More proposal,
“O1 Dispersion Analysis, Lower Cook Inlet and Shelikof
Strait, Alaska,” RFX41-436-2905, for National Cceanic and
At mospheric Administration, July 19, 1979, “Proposal Addendum-
Gl Spill Dispersion Analysis,” RFx41-436-2905, August 22,
1979, and “Proposal Addendum Q1 Spill Dispersion Analysis,”
RFx41- 436- 2905, Cctober 14, 1979, subsequently anended in a
| etter dated February 4, 1980.

1.3 OBJECTI VES

The primary elements of the scope of services for Task ||
presented in the above docunents are “summarized bel ow

1. Evaluation of Eulerian and Lagrangian spreading
al gorithmns.

2. Establish techniques to be used to nodel the se-
| ected weat hering phenonena.

3. Eval uation of wind field nodels applicable to Lower
Cook Inlet and Shelikof Strait.

4, | nvestigate the need for depth averaged or |ayered

hydrodynami ¢ rmodels for Lower Cook Inlet and
Shelikof Strait.

1.4 BACKGROUND
This study does not attenpt to report on or provide

conplete review and docunentation of avail able nodels and
met hods that have been applied to oil spill sinmulations. The
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interested reader will find thorough and conprehensive treat-
ments of the subject matter in Stolzenbach et al. (1977) ,
Cceanographic Institute of Washington (1977), Mackay and
Patterson (1978), Wieeler (1978), and Spaulding (1978). \What
is attenpted herein is to present state-of-the-art techniques
for applied oil spill dispersion simulations that can be
adopted for application to Lower Cook Inlet and Shelikof
Strait, Al aska.

Gven the state-of-the-art of forecasting oil spill nove-
ment, the nost reasonable approach is still twasumethat the
overal | problem can be decoupled into a series of quasi-
I ndependent parts. This treatnent generally results in the
following separation of environmental and physi ochemn cal
features:

0 Wnd Fields
0 Current Fields
0 Di spersion and \Weat hering

Due to the strong coupling between these aspects, it is
difficult to separate wind, wave, and tidal effects fromthe
total circulation pattern to extract net currents. However ,
solving the problem globally using a circulation nodel that
incorporates a wind field nodel, tidal hydrodynanics, and
wat er mass characteristics to predict the advection of a slick
may not be any nore reliable than existing approaches and
woul d undoubtedly require significant increases in nonetary
and time resources.

A standard approach is to create a variety of wind fields
corresponding to different meteorol ogical conditions over the
study area either using a nodel or through subjective or ob-
jective interpretation of synoptic wind field data. ‘The cur-
rent fields for a variety of oceanic and tidal conditions are
| i kewi se created using either a nodel or through subjective
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or objective interpretation of available data. These results
generally provide the basic input data to any oil spill nodel.
The accuracy and confidence that can be assigned to these
fields should play a major role in determning the degree of
sophi stication to apply in dispersion and weat hering aspects
of an oil spill nodel

The first two influences, wind and current, are primary
environmental input requirements to oil spill trajectory
st udi es. In the trajectory approach basic assunptions and
enmpiri cal relationships are utilized in nodeling the
centroidal behavior of an oil slick. Trajectory studies are

quite wuseful in providing probability and risk assessnent
information for prelimnary planning and alternative eval ua-
tion of offshore oil and gas devel opnent. However, to ade-

quately assess the environnental consequences of offshore oil
and gas exploration, the spatial and physicochem cal proper-
ties of a potential oil spill also need to be addressed. This
leads to the third influence |isted above; dispersion and
weat hering. One prinary objective of the Task Il effort con-
cerning oil dispersion nodeling was to evaluate, describe, and
recommend existing spreading and weathering algorithms that
woul d be inplemented during our 1981 fiscal year studies.

The follow ng sections of this report discuss wind field,
hydrodynam ¢ and oil dispersion nodeling, respectively. The
final section presents the approach to integrating the recom
mended nunerical techniques and algorithns and how they woul d
be applied to nodel the dispersion and transport of spilled
oil in Lower Cook Inlet and Shelikof Strait, Al aska.

398



2. WND FIELD MODELI NG

2.1 OBJECTI VES

It is inmportant to accurately characterize the wind drift
component in an oil spill nodel because it is usually a strong
function of tine and space and tends to dom nate surface nass
transport. Errors in the specifications of the wind field nmay
significantly alter a spill trajectory. The specification of
arealistic wwnd field over a nearshore, mesoscale region is
not an easy task because of conplexities introduced by the
| and-sea interface and inland terrain features.

This section describes the predom nant flow reginmes in
the region of interest, presents a wind field nodel which is
suitable for reproducing those flow reginmes, and describes the
nmet hodol ogy for actually applying the nodel to the region.
The reasons for choosing the nodel and its strengths and
weaknesses are also outlined.

2.2 WND FI ELD MODEL CONSI DERATI ONS
2.2.1 Flow in Lower Cook Inlet

Fl ow patterns in Lower Cook Inlet and Shelikof Strait are
primarily determ ned by the surrounding terrain (Reynolds et
al., 1979). Drainage winds are also inportant in the vicinity
of coastlines, buttend to be localized, extending only on the
order of twenty kilometers offshore.

There are four predomnant wind directions in the area:
fromthe north-northeast (down Lower Cook Inlet), fromthe
sout h-sout heast (up Shelikof Strait), from the west (through
Iliamma Gap), and from the east-southeast (fromthe Qilf of
Al aska) (see Figure 2-1). The northerly flows predom nate in
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the winter, while the southerly flows occur nmore frequently in
the sumer (Brewer et al., 1977).

Also present during nost of the year is an el evated
inversion layer, wth the underlying surface |ayer generally
500 to 1500 min depth. Measurenments of the tenperature and
winds aloft in the Lower Cook Inlet and Shelikof Strait area
have indicated that the surface |ayer may frequently be
t hought of as well-m xed vertically (Reynolds, 1980). This
surface |layer is deepest during the sunmer since the air has
beconme vertically well-mxed as a result of its extended
contact with the warm ocean. During the winter, the surface
l ayer is much shall ower because the cold, dry air fromthe
interior of Alaska has only had brief contact with the ocean.

222 Mesoscale Wnd Field Mdels

In order to construct a surface flow field for this
regi on which would reproduce the conplex, orographically and
thermal |y produced flows, ideally one ought to enploy a full
t hr ee- di mensi onal nesoscal e nodel . Exanpl es of such a nodel
can be found in WMhrer and Pielke (1976, 1977), N ckerson
(1979), and MN der et al. (1980). However, the major short-
comings of a high resolution, multi-level nodel are its
substantial cost as well as its input data requirenments. A
model with smaller conputational requirenents which duplicates
the main results of the conplicated nodel is an attractive
conprom se.

A nodel which avoids the need for considering the ver-
tical dinension by followng vertically uniformcolums of air
bel ow the inversion would seemto be very appropriate for the
Lower Cook Inlet and Shelikof Strait region. The nodel of
this type which has receivedt he nost extensive discussion,
anal ysis, and application was designed by Lavoie (1972).
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Lavoi e (1972) found that there exists a well-mxed
at nospheric | ayer capped by an inversion during | ake-effect
storms over the Geat Lakes. Thus, a three-layer structure is
generated when cold continental air masses undergo surface
heating due to their passage over the warm | ake water.
Daytime oceanic trade w nds can be described as having a well-
m xed | ayer below 2 kmin which the potential tenperature and
wi nd fields are honogeneous in the vertical and the layer is
capped by an inversion. Lavoie (1974) nodel ed the three-|ayer
thermal structure which occurs when the trade winds flow over
a heated island. The three-layer thernmal structure assumed by
Lavoi e has been observed experinentally and applied anal yti -
cally by various investigators. Burke (1945) made use of the
structure in his explanation of the transformation of polar
continental air to polar maritinme air by a warm ocean. Asai
(1965) also considered this structure in his study of cold air
out breaks over the Sea of Japan.

Lavoie’s nmodel has al so been extended by others to analy-
sis of the sea breeze flow (Goodin, 1976), forecasting of
regional air flow and pressure patterns (Keyser and Anthes,
1977), analysis of terrain influences on flow (Overland et al,
1979) and air quality inpact nodeling (Drake et al., 1971;
Kern, 1974; Keyser and Anthes, 1976).

Barrientos and Hess (1980) at NOAA s Techni ques Devel op-
ment Laboratory (TDL), are currently devel oping an oil spill
trajectory nodel which includes a boundary |ayer flow nodel.
Only prelimnary results are presently available, but this
model will be exam ned upon its conpletion for possible adap-
tation to Lower Cook Inlet.
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23LAVA E LAKE- STORM MODEL
2.3.1 Description of the Model

Lavoi e (1972) devel oped a three-| ayer, nesoscale nodel to
be used in the analysis of |ake-effect storms over the eastern
hal f of Lake Erie and its drainage basin. This nodel included
the surface influences of friction, heating and topography,
but did not include any noisture variables. The three layers
in the nodel are a constant flux layer at the surface (I), a
wel | - m xed, honpbgeneous |ayer (IlI), and a deep, stable uPPer
layer (111) (see Figure 2-2). The dry thermal structure at
the initial time is shown in Figure 2-3, where -0 represents
the potential tenperature (tenperature that a parcel of air
woul d have if brought adiabatically fromits initial state to
the standard pressure of 1000 rob.) and where Z is the altitude
above sone datum plane (usually mean sealevel). Layer | is
characterized by a superadiabatic | apse rate (potential tem
perature decreases with height) in which there is an upward
transfer of heat and a downward transfer of nomentum usually
this layer is arbitrarily assumed to be 50 mthick. In Layer
Il, the lapse rate is dry adiabatic since the layer is assuned
to be well-mixed by strong winds and surface heating.
Finally, Layer 11l is a deep stratum possessing a constant,
stable | apse rate. It is possible, wthout violating the
derivation of the governing equations, to nodify Layer | if
Layers Il and I1l retain their basic character. That is,
Layer | could be either neutral or stable and its depth could
be any specified quantity. Hence, the applicability of the
nodel can be broader than originally intended if one is suf-
ficiently cautious.

In the Lavoi e nesoscale nodel the pressure field is
determned by the density distribution alone wthout reference
to the notion fields; hence, the pressure field is always in
hydrostatic balance (see QOgura,  1963) . Est oque  (1963)
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justified the hydrostatic approximation in a sea breeze nodel
t hrough an order of magnitude argument for the vertical com
ponent of the nomentum equati on. Hovermale (1965) justified
the hydrostatic balance for gravity waves induced by corru-
gated terrain if the square of the vertical wavelength is much
less than the square of the horizontal wavel engt h

Hovernmal e’s analysis is applicable to Lavoie's nodel and his
criterion is satisfied because the characteristic wave-length
in the horizontal is tens of kilonmeters while the charac-
teristic wavelength in the vertical is five kiloneters or
| ess.

The initial set of equations for the Lavoie nodel con-
sists of the horizontal equations of motion for the wind field
(u, v), the hydrostatic pressure equation, the thernodynam c
energy equation for the potential tenperature, the equation of
state for dry air, and the conservation of mass equation.
These equations are only applied in Layer Il. Since Layer Il
I's hormogeneous in the vertical, the above equations are inte-
grated vertically fromthe top of the surface friction |ayer
to the top of the well-mxed layer. The altitude of the top
of Layer Il is denoted by h. Hence, the final equations con-
sist of aset which govern the behavior of the well-m xed
| ayer as a whole; the dependent variables are the wind field

(u, v), potential tenperature, and the altitude h. The
average vertical velocity in Layer Il is given by the con-
tinuity equation. These variables are functions of the hori-
zontal coordinates (x, y) and tinme t. For a given set of

boundary and initial conditions, this systemis analogous to
t he shal | ow-water equations of oceanography.

The influence of Layer | is represented in the above
system by paranetrized terns in the nonentum and energy
equations. That is, the transfer of nomentum from Layer |1 to
Layer 1andthe transfer of heat from Layer | to Layer Il are

paranetezized by the bulk aerodynamic formulation, see

403



Priestly (1959) and Rol

on Layer

(1965). The influence of Layer III
Il is accounted for in the horizontal pressure gra-

dient ternms in the nonentum equations.

The maj or assunptions in the above nodel

The

are as foll ows:

Negl ect the effects of curvature of the earth;

Negl ect the small contributions to the Coriolis
force due to vertical notions;

Negl ect the vertical advection terns in the various
conservation equations;

Assune the pressure distribution is hydrostatic;
Assune the three-layer thermal structure (wth
possi ble nodifications in Layer I);

Assunme the paranetrized influences of Layers |
[1l or Layer II;

Assune that the stress at Z = h is negligible com

and

pared to the stress at Z = 2s and that thewindis
geostrophic in Layer I11; and,
Assume the vertical honogeneity of the physical

quantities in Layer II.

m xed |ayer are:

basi ¢ equations applying to a fluid parcel in the
DV | _KtV.aVP,adT (1)

Dt 2z

D6 = ~af 2@ (2)

t T dz

1 Da _ VoV+ Qw (3)

a Dt z

32 a

9 = ab"

T Ree )
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where v is the

f is the
ais the
P is the
1S the
g is the
Cpis the
Tist he
Qis the
wis the
gis the
R is the

hori zontal velocity vector
Coriolis paraneter
specific
at mospheric pressure

eddy stress vector

potential tenperature
specific heat for air

t enperature

vertical heat flux

vertical velocity conponent
accel eration of gravity
speci fic gas constant

volume

P is the
K=RGC
The equations solved by Lavoie

ale. o

reference pressure

(1972) in the m xed | ayer

DV _ KtV -F —(h-h\t¥ 9(6-6,-L(h-h))Vh
o (neh )V g0 Ln )
+9(h-z\ V0 -Ca_ |V V (6)
0( s) (h_zs>

D _ Chlvl (4-6 (7)
Dt (Eiifj( ° )

Dh _ 19 8
BT = W, + (f‘§$)9=9h ()

where ¢ is the shear in the geostrophic w nd

hi is the initial height of the inversion

h is the height of the inversion

6,is the potential tenperature at the base of the

i nversion
is the vertical gradient of potentia
zg is the top of the surface |ayer
Cy is the drag coefficient for nmomentum
Chis the drag coefficient fO heat

6, is the potential tenperature at the surface
is the vertical velocity at the top of the mxed |ayer

tenperature

Wh
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The terms in equation (6) represent acceleration due to
Coriolis forces, acceleration due to the pressure gradient
force, acceleration due to shear in the geostrophic wind,

acceleration due to horizontal gradients in the depth of the
m xed layer, acceleration due to horizontal gradients in

potential tenperature, and acceleration due to drag forces.

The termin equation (7) represents tine rate of change
in potential tenperature resulting from convective heating

from bel ow

The terns in equation (8) represent change in the height
of the inversion base due to synoptic scale vertical velocity
there and a termto maintain the first-order discontinuity in
8 at h whenever the inversion disappears.

Lavoi e solved these equations iteratively until a steady
state solution was reached. This required use of the upstream
differencing algorithmfor the advection terns.

2.3.2 Applications of the WNodel

Goodin (1976) used the nodel to study the sea breeze cir-

culation in Los Angeles. The return flow al oft generally
associated wth the sea breeze is counterbal anced by large-
scal e onshore flow aloft in Los Angeles. As a result, the

flow in the stable layer is nearly geostrophic. The nodel
calcul ated the surface tenperature as a function of time of
day and surface characteristics using an iterative solution to
the surface heat bal ance equati on. The onset, strength and
duration of the sea breeze near the coastline were predicted
wel | . G adients in terrain and offshore flows were not

consi der ed.

Keyser and Anthes (1977) nodified the Lavoie model to
accommodat e tine dependent solutions in order to producea
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short term forecast. Energy-conserving parameterizations for
the entrai nnment of heat and nonentum from the upper stable
layer into the mxed layer and for convective adjustnent were
al so introduced. The nodel was used with real-tine data to
produce and verify a six hour forecast for the daytine over
the Mddle Atlantic States. Spatially varying surface rough-
ness and terrain (Appalachian Muntains) were assumed as wel |l
as a sinusoidally varying sensible (turbulent) heat flux.
Conparison of conputed and nmeasured surface pressure and tem
perature patterns indicated a generally realistic sinulation.

Overland et al. (1979) nodified the Lavoie equations by
pl acing the advective terns into flux formto maintain conser-
vation of scalar quantities. A staggered grid was al so used
to avoid the numerical propagation of gravity waves. Terrain
was allowed to protrude above the mxed |layer thus allow ng
relatively steep terrain to be included. The model was
applied to Puget Sound basin in Washington state. The nodel
was able to reproduce the neasured surface wind vectors on the
days simulated and seemed well suited for regions wth
orographically forced flow regines.

Drake et al (1971) used the Lavoie nodel to study the air
quality of the Four Corners area of the southwest. The study
met With limted success generally because of the rugged
terrain in the area (the mxed layer was required to follow
the terrain). Lavoie's nodel was used al nbst unchanged.

Kern (1974) also used the nodel to analyze an air pol | u-
tant transport problem  Tritium data fromthe Savannah River
Laboratory were used in the study. A sinmple Gaussian plune
nodel and trajectory nodel with interpolated wind fields were
used in addition to the Lavoie nodel to conpute the transport
of the tritium The results obtained using Lavoi e’ s model
were substantially better than all except the retrospective
cal culati on which used the actual wind data.
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Keyser and Anthes (1976) used a version of the Lavoie
nodel simlar to that described in Keyser and Anthes (1977)to
study the sensitivity of the model to variations i n certain
I nportant paraneters. The nodel results were npst sensitive
to vertical shear in the geostrophic W nd. Less sensitivity
to the height of the top of the nodel and stability of the
upper |layer was found. Limted studies were nade using a
passive contam nant.

2.3.3 Strengths and Weaknesses
Some of the advantages and limtations of the Lavoie
model (and its subsequent versions) have been discussed in the

previous sections. However, they will be summarized here.

It is nbst inportant to note that the Lavoie nodel is a

good conprom se between conputational cost and physical

realism The vertical dinmension has been renoved which
substantially sinplifies the problem However, the major phy-
si cal phenonena which affect the flow are still included--

t opography, surface heating and roughness. As a result, the
I nput data requirements are reduced substantially.

As described in Section 2.2.1, the Lower Cook Inlet and
Shelikof Strait area seens to nmeet the requirenent that the
at nosphere is well-m xed below the inversion |ayer (Reynolds,
1980) . Areas with atnospheric conditions which significantly
depart from this structure are not appropriate for nodeling
with the Lavoi e approach.

Since Layer IIl is passive, sea breeze phenonmena which
produce a significant return flow aloft cannot be accurately

si nul at ed. The | and-sea breeze is not a significant feature
of the overall flow in Lower Cook Inlet (Reynolds, 1979).

Entrai nment of mass from Layer III into Layer II was not
permtted in the original Lavoie formnulation. Keyser and
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Anthes (1976, 1977) and Overland et al. (1979) have nodified
their versions to include this phenonenon.

The upstream differencing scheme which was used by Lavoie
(1972, 1974) ishighly danping and as such is suitable only
for steady state sol utions. The centered difference schene
used by Keyser and Anthes is nore appropriate for time depen-
dent sol utions.

The nmost inportant limtation of the nodel in the Lower
Cook 1inlet region may be the specification of the inflow boun-
dary conditions, since errors at the upw nd boundary can pro-
pagate into the interior rapidly. The edges of the grid
boundary wll have to be placed far enough from the region of
interest in order to avoid terrain interferences near the
boundary which could introduce anonal ous gravity waves into
the calculation.
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3 HYDRCDYNAM C MODELI NG

3.1 | NTRODUCTI ON

The influence of currents on an oil spill is of nmajor
importance in determining the ultimate fate and behavior of a
spill. It will be assumed that the wind and current effects

may be conpletely decoupled (Wang, 1974; Ahlstrom, 1975;
Munday et al., 1970; Mller et al., 1975), as this leads to
consi derabl e ease in the handling of the equations. There is
limted evidence (Schwartzberg, 1971; Reisbig, 1973) that the
two effects are non-linearily coupl ed.

A variety of methods have been used to specify the sur-
face current behavior and its influence on an oil spill. The
recommendati on to use a hydrodynam ¢ nodel for generating sur-
face currents in the study area is based on: 1) a desire to
evolve the oil dispersion nodel capabilities closer to a rea
time forecast; 2) to increase the accuracy in nodeling the
magni tude and variability of surface currents in spatial and
time dinmensions. This latter point has been a major source of
subjectivity in past oil spill trajectory studies in Lower
Cook Inlet and shelikof Strait. Currents would be cal cul ated
in an objective fashion making use of physically measured data
to provide calibration and verification.

3.2 CURRENTS 1IN LONER COOK | NLET AND SHELIKOF STRAIT

The currents in the study region are dom nated by tidal
and geostrophic effects with intermttent pulses presumably
due to atnospheric forcing (Muench, 1980). Cook Inlet has a
large tidal range, up to 25 feet in the upper reaches (Mungall
and Matthews, 1973), due to the conbined effects of tidal
resonance and flow constriction. By contrast, there is a
tidal node situated between Kodiak |Island and the mainland
caused by the tide advancing through both the Kenai and
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Shelikof Straits (Pearson, 1980). A coastal jet, specifically
the Kenai current (Schumacher, 1980), flows into the study
region from a southeasterly direction through the trench bet-
ween the Kenai Muntains and Kodiak Island. 1t has a signifi-
cant effect on the flow patterns in Lower Cook Inlet (Muench,
1980) . Residual currents in this region, apparent when tidal
effects are subtracted from current records, may be partly
attributed to directional fluctuations in the Kenai current.

In addition to tidal and geostrophic effects, freshwater
flows into Cook Inlet such as river discharges should be con-
si dered. Ri ver discharges generate currents directly, while
melt-water and precipitation runoff lead to salinity and tem
perature gradients where mxing occurs with salt water. These
gradi ents cause density variation and hence induce baroclinic
currents. Tenperature gradients are also induced by differen-

tial solar heating due to depth variations. Royer (1979)
concluded that precipitation and runoff are inportant to
coastal dynamcs in the Gulf of Al aska region. However, as

yet, insufficient quantitative data is available to assess the
relative inmportance of these factors. The same difficulty is
meet when attenpting to determ ne the influence and inportance
of current stratification.

3.3 PREVI QUS STUDI ES

A wide range of analytical techniques have been applied
to determ ne ocean currents ranging fromuse of published tide
and nean current tables to three-dinmensional numerical nodels.
Stochastic nodels, which are conmonly used in predicting tur-
bul ence domi nated notion, are not suitable in this case.

A nunber of investigations have been conducted involving
nodel i ng the coastal waters of Al aska. Mungall and Matthews
(1973) devel oped a two-dimensional al ternating-direction
explicit finite difference nodel to study the tidal dom nated
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Upper Cook Inlet. The nodel's salient feature, the use of
unequal grid spacings, allowed a greater resolution to be
achieved in a region of special concern. Thi s approach to
current nodeling is essentially the classical nethod in which
a solution to an approximated form of the Navier-Stokes
equations is sought. The equations result from mass con-
tinuity and nonentum consi derations. Mungall and Matthews
made the assunptions of a two-dinmensional depth averaged vel o-
city field and ignored the convective acceleration and inertia
terms.

An alternative to the classical approach is the diagnos-
tic nodel of Gait and Pease (1977). The dynam c net hod of
cal cul ati ng geostrophic currents is an exanpl e of di agnostic
model i ng. The nmodel was devel oped on the assunption that the
required field input of salinity and tenperature were easier
to determne than tide and current data required in a nodel
such as Mungall and Matt hews. A conbi nation of geostrophic
and Ekman dynamcs is used in conjunction with the fluid den-
sity data to determ ne the baroclinic and surface Ekman fl ows.
The spatial resolution of the nmodel is limted to the spacing
of the input data. The nodel also shows the marked effect of
bat hymetry on flow which is particularly inportant in Cook
Inlet. The tidal currents would need to be superinposed.

Leendertse and Liu (1978)devel oped a three-dinensional
turbul ent energy nodel for circulation studies in the Bering
Sea. A three-dinmensional nodel is required where variation of
| ongi tudinal velocity with depth substantially affects surface
f I ows. I n addition, know edge of vertical velocities is
necessary in regions where vertical circulations induce sur-
face effects. Leendertse and Liu used a |ayered technique as
an approximation to the full three-dinmensional Navier-Stokes
equat i ons. The vertical dinension is nodeled by considering
velocities at a nunmber of horizontal |ayers.
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QO her nunerical oil spill studies involving hydrodynam c
nodel s have generally used either available tidal and current
data explicitly, Blaikley et al. (w977, Murray et al. (1970),
Stewart et al. (1974) , or various two-dinensional depth-
averaged nodels, Premack and Brown (1973), Wang (1974) , Mller
et al. (1975).

3.4 CHO CE OF HYDRODYNAM C MODEL
The inportant considerations in selecting the nost suit-

able hydrodynam c nodel are the dom nant aspects of the flow
in the region, the accuracy and detail of available field

data, and the form in which the output will be used. As
coupl ed tidal and geostrophic currents are present, sonme form
of numerical nodel is considered necessary. The conpl ex

bat hymetry, density gradients, and possible stratification
suggest a full three-dimensional nunerical effort be under-
t aken. However, other considerations prevail. Field data
required to calibrate and validate such a nodel is not
avail able and a major effort would be required to collect such

dat a. It is not obvious that the vertical effects are signi-
ficant considering the approximations nmade el sewhere in the
proposed nodel . The study of Leendertse and Liu showed only

smal | vertical velocities in the neighboring Bering Strait
region, The operational cost of a three-dinmensional nodel is
up to an order of magnitude greater than an equival ent two-
di mensi onal  nodel . Finally, available three-dinensional
model s are nore research tools than state-of-the-art applica-

tion nodels. Consequently, wuse of a three-di mensi onal nodel
does not appear to be justifiable at this time.

The nodel of Gait and Pease attenpts to avoid the pro-
blems of obtaining accurate current and tide data by using
salinity and tenperature neasurenents. However, data are
required at a resolution corresponding to the intensity of the
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out put required and would involve a considerable amount of
field measurenent throughout the region. In addition, tidal
currents would have to be cal cul ated and added separately.
Probl ems were encountered due to shelf wave phenonmena which,
due to the trench and shelf topography of the study region,
could also occur if the nodel were applied to Lower Cook

I nlet.

Al though current and tidal data is required for a
“classical” hydrodynam ¢ nodel, such as that of Mungall and
Matthews, it is only required for use as boundary conditions.
Such data is presently avail able. Therefore, a two-di men-
sional depth-averaged nodel capable of handling both tidal and
current boundary data appears to be the most suitable form of
hydrodynam ¢ nodel for the study as it is presently conceived.

The form of the output required from the hydrodynam c
nodel is dependent upon tine scale considerations involving
the conplete oil spill nodel. Repeated applications of
currents calculated for, say, an M2 tidal cycle would not
include the effects of residual current fluctuations and
| onger tidal cycles which mayprove to have a significant
inpact on the fate of an oil spill. These time scal e con-
siderations would be resolved during validation of the
conpl ete oil dispersion nodel.

3.5 TIDAL2

The hydrodynam ¢ nodel proposed for use in the study is
the Danes & Mbore nunerical nodel TIDAL2 (Runchal, 1977).
This nodel is based on the classical shallow water equations
(St oker, 1957) which can be shown to be related to the Navier-

St okes equati ons. The equations are solved by neans of
Integrated Finite-Differences (IFD) simlar to that used by
Leendertse (1970). The salient features of the |FD technique

are ease and econony of application and nunerical stability.
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The nunerical scheme is space-staggered, split time level, and
sem-inplicit. As wth the model of Mungall and Matt hews,

unequal grid spacings may be used to optimze resolution in
specific regions of interest.

TIDAL2 has been successfully applied to a nunber of stu-
dies including circulation in Kanahoe Bay, Hawaii (Danes &
Moore, 1977), and determning velocities and stage heights in
atidally domnated river in Florida (Dames & More, 1979).
Boundary data is accepted either as current or tidal measure-
ments and sources equivalent to inflow of rivers or runoff can
be i ncor por at ed. The nodel is calibrated to reproduce field
measurenents by adjustnent of enpirical bottom friction
coefficients.
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4. OL DI SPERSI ON MCDELI NG
4.1 PRCCESSES OF O L DI SPERSI ON

The processes recomended for inclusion in the oil
di spersi on nodel are those that have a mmjor inpact on the
ultimate fate of a two-dinensional surface oil slick. The
reconmended al gorithms for nodeling these processes are only
as sophisticated as know edge of the environmental conditions
and process interactions at present wll| reasonably allow
The processes considered in the recommended oil dispersion
model are: a conbined bal ance-of-force and Fickian diffusion
approach to spreading, wnd and current coupled advection;
empirical surface evaporation flux; and vertical dispersion
(oil in water enulsification).

Many ot her physical, chemcal, and biological phenonena
are involved in the spreading and transport process. Some of
the physical processes not included in the nodel are: source
motion, waves, water surface slope, dissolution, direct air-
sea interaction (bubble bursting), sinking, sedinmentation, tar
lunp formation, etc. Chem cal processes not consi dered
include mcrobial degradation, uptake by organisms, bi ol ogi cal
di spersants and supermicrobes.

A full treatnent of the relative inpact of the above pro-
cesses on the fate of a surface oil slick is beyond the scope
of this study. However, the interested reader can consult
such work as Kolpack (1977) , Kuipers (1980), or Mackay and
Patt erson (1980) for details Of proposed nodeling techniques,
the interactions and conplexities, and the relative inportance
of each process. It should be kept in mnd that several pro-
cesses whi ch have not been included in the nodel were left out
for the sinple fact that data necessary to perform the
model i ng does not and would not exist for the.area of concern.
Therefore, inclusion of the process using assunmed or estimated
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vaueswWas deened undesirable in that an unknown error woul d
be know ngly introduced. The following sections briefly
di scuss the processes and al gorithns recommended for inclusion
in the dispersion nodel

4.2 SPREADI NG
421 Gener al

Among nost applied oil spill studies an inportant dif-
ference exists in the nmethod by which spreading is nodel ed.
Basically, this difference is whether to treat spreading as a
di spersion process or by a balance-of-force approach. The
foll owi ng paragraphs discuss the strengths, weaknesses, and
applicability of each approach to nodeling spreading of oil on
wat er .

4. 2.2 Bal ance-of - Force Approach

Fay (1969) had considered the spreading phenonena as a
bal ance of the forces acting on a slick; gravity, inertia,
vi scous, surface tension. He concluded that the spreading
process on a calm sea could be characterized by three tine
dependent regines corresponding to the dom nant influence
acting on the slick at that tine.

The different slick growmh regines and their respective
acting physical forces are listed bel ow

Fay's Spreadi ng Mdel

Regi me I | 111
Spreadi ng force gravitational gravitational surface
t ensi on
Retardi ng force inertial Vi scous Vi scous
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Figure 4-1 shows the spreading regine for a 10,000 ton
oil spill. Spreadi ng term nates when the oil slick dianeter
reaches a maximumsize in Regime IIl. Based on Fay's results
the maxi num slick radius is predicted to occur when:

r = 80.37 n3/8 (9)

where r is the radius (in neters) of a circular coherent oil
slick and n is the nunber of barrels of spilled oil. The tine
(in mnutes) required to reach this maximum radius is pre-
dicted by:

tg = 52 (n)0.482 (10)

Figure 4-2 shows the duration of the different spreading
regi mes asafunction of the volune of oil spilled. The vali-
dity of Fay's basic approach has been partially denonstrated
by several |aboratory studies (i.e., Lee, 1971;Hoult et al.,
1970) . However, field data from Cononps (1975) showed that
Fay's theory applied to non-laboratory conditions greatly
underestimates slick growh (Stolzenbach, 1971). Fay 's
approach considers spreading on a calm snooth sea, and
di spersion by oceanic turbulence is ignored.

423 Di spersion Approach

The basic concept behind the dispersion approach in
nmodel ing spreading is that the physical spreading processes
related to oil properties (density differences and surface
tension) are subordinate to the effects of shear on the slick
boundary produced by random notions in the water.

Murray (1972) presented an approach in which he assuned
t hat spreading can be represented by a Fickian type diffusion
process in which the actual forces responsible for spreading
the oil are the eddy stresses. The solution or concentration
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c at any point (x) for any tine (t) is given by solving the
governi ng equation

dc _ K 82c2 (11)
at ax° -

where Kis the diffusion coefficient.

The solution to equation (11)in one dinension in an
infinite nedium for an instantaneous release of mass (n) is

the wel | -known gaussian distribution
2

(@)
c m o V4Kt

2. /Kt
Kennedy and Werrmund (1972) noted that a real oil slick
had the sane shape as predicted by Mirray’'s theory.

(12)

Figure 4-3 shows a conpari son between an observed slick
outline and slick outlines predicted by rickian di ffusion
theory and surface tension theory. It can be seen that
spreading of oil is reasonably well defined wusing the
“diffusion” approach dependent on horizontal eddy diffusivity
K (Murray, 1972).

Most investigators have chosen to use one approach or the
other for nodeling spreading of an oil spill. However, both
spreading and dispersion processes may be inportant in deter-
mning the overall growh of a slick particularly for tine
scal es nmeasured in a few days. It has been estinated that
exi sting techniques provide at best only an order of magnitude
predi ction of what an actual oil slick will attain in size
(Stolzenbach et al ., 1977) .

Figure 4-4 shows a conparison of predictions of slick

Si ze using Fay's spreadi ng approach and an oceani ¢ di spersion
approach. \Wile both methods seem to underestimte slick size
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for tine longer than a day, the dispersion method give results
closer to the field data than Fay's approach.

4.2.4 Conbined Bal ance-of -Force and Dispersion Approach

Anot her approach to nodel spreading is to consider the

bal ance-of -force and dispersion separately and then conbine
themto obtain a total rate of growh. In this context, the

use of the termspreading is defined to be the growth of a
slick due to a bal ance-of-force approach. This approach can
be represented in nmathematical ternms as follows:

E3 Jos + [95] (13)

Lat] total Lat] spreading atJ di spersion

wher e g%is the rate of radial growth of the slick
Ris the radius of the slick
t is the tine.

Stolzenbach (1977) expressed the rate of growh due to
spreadi ng by considering a balance of the spreading forces:
gravity, surface tension, viscous, and dynanmic pressure. The
rate of growth due to dispersion was nodel ed using the results
of Okubo (1967) on oceanic dispersion (eddy diffusivity pro-
portioned to the 4/3 power of the cloud size).

Alhstrom (1975) devel oped one of the earlier nodels that
simulated spreading by a conbination of dispersion and
bal ance- of -force processes. Spreading was sinulated in this
model by the random nmotion of oil patches using a statistical
treatment of turbulent diffusion. The position of the patches
at any tinme have the sane gaussian distribution as the con-
centration of oil would have by solving the diffusion

equat i on. Di spersion was therefore treated as a homogenesus
Mar kov random process. The dispersion coefficient was assuned
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to be a constant, the sum of a turbulent eddy dispersion
coefficient Dc and an “equival ent” dispersion coefficient Dg -

The equival ent dispersion coefficient, D¢ is calculated
using Fay's relationship for final slick size and tine "tg" to
reach it.  Thus, D4 is representative of the bal ance-of-force
approach and is only a function of the initial slick vol une.

For t> tg, D¢ is taken as zero.

This approach is attractive because it accounts for both
spreadi ng and di spersion processes. However, several weak-
nesses are apparent. First, assuming a Brownian-like random
nmotion dictates that the diffusivity coefficients DgandDg,
are functions of neither tinme or space. Secondly, the direct
sunmation of by and DE to obtain an apparent diffusivity con-

stant cannot be supported by any physical reasoning. Al so,
questions remain as to whether the different phases of the
spreading of oil can be treated as “randonf processes. For

exanple, the gravity phase is likely to be nore “deter-
mnistic” than “stochastic”.

These weaknesses can be aneliorated to a degree by con-
sidering random diffusivity, but using a variable diffusivity
coefficient. This coefficient would be variable in time, at
| east for the oceanic dispersion phase, and in space. This
treatment would allow sinulation of sone anisotropic effects
such as slick elongation.

Even though the net hodol ogy di scussed above cannot be
entirely supported on a theoretical basis, it is believed that
this approach could provide the best estimate of the governing
spreadi ng processes.

As a first estimate for pg, the oceanic dispersion coef-
ficient as is given by Okubo (1962) is reconmended (see
Figure 4-5):
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Dg = 0.0027 (t)l.34 (14)

wher e:
DEis the oceanic dispersion coefficient (cni/see)
t is time (see).

Dy, the spreading diffusivity coefficient, if assumed
constant with time, has been conputed by Sahota (1978) using
Fay's results as:

Dy = 2300(n) **%6°(cnilsee) (15)
wher e:
Dy IS the diffusivity coefficient (cni/ see)

nis the nunber of barrels of spilled oil

The total spreading/dispersion coefficient, Kg, for the
case of an isotropic spread, woul d be given by the direct sum
of the above coefficients as:

for t< tg; Where tg = 3120 (n)0.482
Ky = 2300(n) 0.268 4+ (pp27 (t)1-34 (16)

for tztg
Ky = 0.0027 (t)1.34 (17)
wher e:
n is the nunber of barrels of spilled oi
t is thetim in sec
Ky is diffusion coefficeint in cm2/sec.

4.2.5 Directional Di sper si on
Most di spersive models Presume a circularslick, but
reports have shown slick elongation in the direction of the

wind (see Figure 4-6). The reason for this is not yet clear
(Kuipers, 1960). However, it may result from the non-uniform
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velocity profile in the oil layer (Figure 4-7) which has been
shown to increase dispersion in the direction of advection
(I ongi tudinal dispersion) (Taylor, 1953). Di spersion of an
oil slick in open water should then be nodeled as a com-
bination of spreading, lateral dispersion (eddy), and |ongitu-
dinal dispersion (differential advection).

Garven (1978) suggested the use of anisotropic di spersion
coefficients to sinulate an elliptical slick. El ongation of
the slick was considered to be a function of tine. Analysis
of field data provided an enpirical formula given by:

p= -0.175 logigt + 1.168 (18)

where p= ratio of the minor to nmgjor axis of a slick
t = time (in seconds).

It can be seen that pdecreases with time, but reaches a
constant value of approximtely 0.15 inaweek or so.

For a dispersive cloud, the standard deviation of a par-
ticle position is related to the dispersion coefficient by:

0, = V4K t (19)
(the dianeter of the cloud d is often takenas6 ).

Rat her than describing the dianeter of a slick using a

single size paraneter, o, *(radial variance of particle posi-
tion), an elliptical spill may be characterized by two such

paraneters o , g, (where x and y are respectively the mgjor
and minor axes of the slick).

The el ongation, p,may now be defined as:

p = gx (20)
y
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and o, and o, may be related to the radial variance by:
0= 20,0, (21)

Conbining the relationships from equations (20) and (21), an
inplicit relationship, for ¢o and o, can be derived and is

given as:

2, %
oy = (ax/zp) (22)
gy = POy (23)

From the above equations, it can be seen that the anisotropic
di spersion coefficients can be expressed as a function of the
equi val ent isotropic coefficient Kand the elongation para-
meter as given bel ow

K.= Ky /2p (24)

X

Ky = pK, = K/ 2 (25)

The random portion of the slick novement can be obtained
by combining a random notion in the direction of the deter-

mnistic transport obtained using a dispersion coefficient Kg.
and a random notion in the perpendicular direction using a
di spersion coefficient Ky.

4.3 ADVECTI ON
4.3.1 General

Advection of oil floating on water is a result of the
conbined effects of wind, currents, and waves. lnvestigators
have generally considered only wind and current effects on the
transport of oil and either disregard the influence of waves

or, in fact, inplicitly include it in their surface wi nd drift
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rel ationship. Controversy on the conparative influence of
these different effects still exist, but nost studies
generally agree that the final oresultant surface drift
magnitude is in the range of 3.0 to 3.5 percent of the local
wi nd speed.

4.3.2 Speed

Shemdin (1972) suggested on the basis of his |aboratory
data that the surface drift was essentially a w nd induced
shear current. On the other hand, Bye (1967) and Kenyon
(1970) concluded fromtheir analyses of oceanic wave data that
the surface drift was primarily a wave induced mass transport.

Wi (1975) presents a conparison of the variation of w nd
induced surface drift and wave induced surface drift as a
function of the fetch length (see Figure 4-8). The sum of the
two is the total surface drift and can be seen to be approxi-
mately independent of the wind fetch length with a magnitude
op the order of 3.5 percent of the wind velocity for |ong
f et ches.

Addi tional uncertainty in predicting wind induced surface
drift occurs when net or tidal currents are present.
Schwartzberg (1970) and Plate et al. (1970) studied the com
bi ned effect of current and wind drift. They concluded that
the total surface drift cannot be determ ned by the sinple
superposition of current and wind induced drifts.

Tsahalis (1979) reached the sanme conclusion that the sur-
face drift due to the conbined action of currents, w nds, and
waves cannot be determined by the superposition of the
separate drift conponents. Using a flune and wind tunnel for
the experinental design and assum ng a scaling |aw relating
model to prototype conditions, enpirical fornula were obtained
relating the surface drift current to a function of 10 neter
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wi nd speed and current speed, for co-current and counter-
current conditions. These rel ationships were expressed in
terms of non-di mensional groups, (T-C)/C and Ujg/C, Where T is
the total drift, Cis the current speed, and Ujg is the w nd

speed at 10 neters above the water. Table 4-1 presents the
resulting enpirical relationships for a variety of wind and
current conditions. Figure 4-9 presents the experinental

results and the enmpirical fit to the data.

Tsahalis' approach applies only when wi nd, current, and
wave directions are colinear. Deflection effects were not
studied in his work. Neverthel ess, as afirst approxi mation
Tsahalis' approach can be used for the component of the
current parallel to the w nd. The component of the current
perpendicular to the wind can be assuned to contribute a com
ponent surface drift of the same direction and magnitude.

433 Defl ecti on

The deviation or deflection angle that the wind inparts

to the surface drift is still a controversial subject.
Observations of oil spill trajectories, either real (smith,
1968) or sinulated (Teeson et al., 1980), have consistently

shown the deflection angle to be on the order of 10° or |ess.

Madsen (1977) , using a sinple assunption of a |inear
increase in vertical eddy viscosity, arrived at a relationship
predicting the surface drift magnitude and direction as func-
tion of wind velocity. | nspection of his results show that
assumng a surface drift of 3 percent of the wind speed and a
deflection angle, 6 = 10°, provides a reasonable approximation
over a wide range of conditions. This approach was based only
on wind induced surface currents and the effects of currents
or waves were not included in the investigation.
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Kondo et al. (1979) arrived at slightly different results
whi ch showed the surface drift magnitude approximately 25 per-
cent larger than given by Madsen and the deflection angle at
around 170. As with Madsen's, Kondo's theoretical work is not
directly applicable for predicting oil slick novement in a
conpl ex sea. Only the conponent of the surface drift due to
the wind was anal yzed and the effects of waves and net and
tidal currents were ignored.

Field observations show in most cases a very small
defl ection of the surface drift to the right of the w nd
direction. The magnitude of this deflection is on the order
of a few degrees which is negligi ble considering the uncer-
tainty in the prediction of the local wind direction
(Stolzenbach et al. , 1977)

At present a deflection angle of 0° seens appropriate to
adopt considering the available field and theoretical results
and in view of the uncertainty of the overlying driving w nd
field itself. Coriolis force acting on an oil slick is orders
of magnitude smaller than the shear forces acting on an oi
slick and can be negl ected.

4.4 WEATHERI NG
4.4.1 General

Weathering is a time dependent process which changes phy-
sical and chem cal properties of spilled oil due to exposure
to natural elenents. Wathering is a general termthat covers
a variety of conplex processes which are strongly interrelated
and therefore, should not be considered independently.
However, due to the great conplexity of this phenonena there
have been few attenpts to nodel the complete weathering pro-
cess based on field or theoretical research. To date, the

429



most general |y accepted approach is to separately quantify the
most inportant weathering factors.

Evaporation is nearly always the single nost inportant
weat hering process during the first few days of an oil spill
However, the inportance of natural dispersion has been clearly
demonstrated both in experinental spills and in recent, |arger
spills (Bravo blowout, 1Ixtoc | blowout, and the Anpbco Cadiz
oil spill) (Audunson, 1980). Dispersion of oil into the water
colum below the surface can be inportant during any stage of
the life of an oil slick. Oher weathering phenonena such as
sinking can beconme inportant in |ater stages of an oil spil
and cannot be neglected if the history of the spill is needed
for tinme periods greater than a week or so. Weat hering pro-
cesses such as biodegradati on and photo-oxidation are unlikely
to be an inportant factor in renoving significant quantities
of oil (Berridge et al., 1968), particularly in early stages
of an oil slicks exposure.

The primary loss of oil froman oil slick, based on
available literature and field experience is due to evapora
tion to the atnmosphere and dispersion into the water col um.
The uncertainty in nodeling evaporation and di spersion pro-
cesses Wth state-of-the-art procedures is |arge enough that
attenpts to nodel |osses due to other weathering processes
wi Il not inprove the overall accuracy of the result.

442 Evapor ation

Hydrocarbon evaporation rates are affected by conposi -
tion, surface area, and physical properties of oil; wnd
velocity; air and sea tenperatures; sea state; and intensity
of solar radiation (Weeler, 1978).

According to Sivadier and Mikolaj (1973), rough sea con

ditions can triple the early rate of evaporation over calm sea
conditions for simlar wnd speeds.
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A nunber of investigators have devel oped enpirical fornu-
las to calculate the evaporation rate of hydrocarbons froma
m xed hydrocarbon substrate. However, no standard fornul ation
has yet been adopted and nost nodels use their own coeffi-
cients based on experinmental results. Sone neasure of agree-
ment has been reached in that the resultant coefficients used
in the various nodels are quite close to one another (Yang and
Wang, 1977).

Recent studies of Yang and Wang (1977), Sahota et al.

(1978), and Audunson et al. (1980) use the same analogy to the
nol ecul ar diffusion process to express the evaporative flux

D of one conponent in the slick:
D=KP /R Tg (26)

wher e:
K is the evaporative mass transfer coefficient

P is the hydrocarbon vapor pressure
R is the gas constant
Ts is the absolute tenperature of the oil slick.

A standard fornulation of the coefficient K which ac-
counts for significant environnental factors has not yet been
accept ed. Sahota (1978) used a value of K which was obtained
from experinents done by Mackay and Matsugu (1973):

K=aUb {27)
wher e:
Uis the wind speed
a and b are experinental constants.

Yang (1977) proposed a different relationship:

K:aAbeCU (28)
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wher e:
Ais slick area

Uis wind speed
a, b, and c are experinental constants.

Audunson (1980) suggested a relation of the form

wher e:
Uis wind speed
d is oil thickness
a and b are experinental constants.

The above relationships are very simlar and differences
are negligible in view of other phenonena influencing evapora-
tion which are not accounted for in these nodels. These phe-
nonena include sea state (white capping), weather (rainfall,
hail storm solar intensity), inhomogeneity in slick com
position, etc.

It is believed that unless a spill is extrenely 1large, ,
the influence of slick area on evaporative flux will be negli-
gible. As a first approxinmation and in agreement with state~

of -the-art evaporati on modeling, given the uncertainties that
currently exist, it is sufficiently accurate to relate the

coefficient K only to wi nd speed.

For these reasons, the nmethodol ogy devel oped by Mackay
and Leinonen (1977) and used by Sahota et al. (1978)to com-
pute evaporative |osses is reconmended for use in the concep-
tual nodel. This method has been recently calibrated (Mackay
and Patterson, 1980) using Canadian crude oil

The evaporative flux Ep is given by:

E. = Kci pi / RT (mol.cm~2 see-l) (30)
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wher e:
Ke =evaporative mass transfer coefficient
(cm.sec™1l)
G = concentration of ith conponent in the oil
(nmole fraction)

Pi = pure conponent vapor pressure at the oil tem
perature
R = universal gas constant

+3
1

air tenperature above the oil slick.

A rel ationship giving the evaporative nmass transfer
coefficient, K, has been obtained from experinents by Mackay
and Matsugu (1973):

Ke = 0,005 U0.78 (31)
where U is the wind speed in cm/sec.

This sinplified approach to evaporation nodeling requires
know edge of the chem cal conposition of the spilled oil. For
comput ati onal purposes, the oil is divided into its principa
conponents, wvolatiles and nonvol atile, and after conputing
the evaporative |osses, the quantity of oil evaporated is
renoved from the slick.

Associated with the evaporation nodel is nonitoring an
oil slick’s density which will enable prediction of a slick’s
tendency to sink, as evaporation renoves |ighter fractions.

4.4.3 Dispersion (oil in water enulsification)

Matural di spersion (vertical) is the forcing of oil par-

ticles fromthe surface into the water colum due to tur-
bul ence such as caused by wave action. Di spersion in the

water colum, as enulsification, depends on oil conposition
and sea state (Weeler, 1978).
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There have been few field studies in which subsurface
concentrations of oil have been nmeasured. Freegarde et al.
(1971) and Forrester (1971) reported very small concentrations
of hydrocarbons bel ow a slick. In these cases, dispersion
accounted for only a few percent of the total oil nmss
(Stolezbach et al., 1977). On the other hand, results of
experinments done at VWArren Spring Laboratory on North Sea and
Kuwait crude oil indicated that approximately 30 percent of
the original mass of an oil slick could be |ost in the first
24 hours in a medium sea state (Blaikley et al., 1977). The
apparent di screpancy between the results of these studies lies
in the fact that dispersion depends strongly on the intensity
of turbul ence.

Raj and Griffiths (1979) studied the probability density
distribution of oil droplets subjected to ocean turbul ence by
| ooking at the equilibrium of turbulent pressure against buoy-
ancy and surface tension forces. The results of this work,
indicate that a 3.0 neter mirnimum sea state, defined by signi-
ficant wave height will tend to initiate globular vertical
di spersion of oil. This suggests that dispersion can be
negligible in calmseas or of major inportance during bad
weat her.

Several approaches have been used to nodel or quantify
the rate of oil dispersion into the water colum as a function
of sea state and tinme. Blaikley et al. (1977) gives estimates
of loss-rate ranges for initial spill conditions and al so
after three and five days at sea (see Table 4-2) . The
decrease of loss rate with tine attenpts to account for the
effects of increased oil viscosity due to weathering and al so

the formation of *“chocol ate nousse”. Thi s approach has been
used in the oil spill conmputer nodel "sliktrack" devel oped at
Shell International Petroleum Miatschappij (Blaikley et al.
1977) .
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Audunson et al. (1980), in the "slikForcast" nodel
derived from "siiktrack", used a range for the dispersion con-
stant for the first 10days dependent on a given sea state. A
value of zero percent was conservatively assumed for the
di spersion constant after 10 days (see Table 4-3).

The val ues used in the "SlikForcast" nodel were estimated
from the follow ng enpirical fornula:

2
2 = (32)

W)

wher e:
a.a,are the natural dispersion rates (day~l) for wind
speeds w,w, (mMs) respectively. (For Ekofisk crude
oil the value of &, is estimated to be in, the range
of 0.10 to 0.15 day~! for w, = 8.5 ni's.)

Sahota et al. (1978) used the results of Hol nes (1977
and Blaikley et al. (1977 Which assuned values of 15, 25, 35,
and 45 percent natural dispersion |oss per day corresponding
to low (2), nedium (4), high (7), and very high (7+) Beaufort
Sea state respectively.

Consi dering the lack of accuracy in the methodol ogy and
estimates used to nodel dispersion, it is recomended that the
Audunson formula as given by equation (32) be inplenented
assum ng a maximum value Of a = 0.6 day~l. It should be noted
that a, , depending on the specific oil characteristic, is
only known to a 50 percent accuracy and, therefore, acannot
be expected to be estimated within an accuracy of, say, 100
percent.
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TABLE 4-1
DRI FT COEFFI Cl ENT EXPRESSI ONS
The drift coefficient 2%5 ) is given as a function of

“10 by the equations identified bel ow based on the range of
C

t he value of E;g, wher e
C

T= total drift
c = current velocity
- wnd speed 10m above the water surface.

“lo
RELATI VE CURRENT DI RECTI ON
Coefficient Count ercurrent cocurrent
(opposite direction (in direction
of wi nd) of wi nd)
if “101is (—o0to -35) (-35 to 0 - ) (O+to 20) (20 to +co)
(o]
in the
range of
t hen
T-c is calculated 1 2 3 1
c_ from equation
8]
T-c _ 10

1) = = 0.033<c -l)
2) =€ -.1.88 x 10-° -1.53 x 10~ (Eig) -1.78 x1 0°  'lo

C Lo ( o )

3
-2.24 x107° <“1o>
T -

3) I=C - 167 x 10° -4.00 x 10-° ‘10 +3.30 X 1073 ‘o

c ( ©) C ©)

7.56 X 10 ° Vi 3
F-
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TABLE 4-2
NATURAL DI SPERSI ON EFFECTS

Percent Q| Lost/Day

SEASTATE DAYS : 1-3 4-5 6 Plus
Low 10-30% 5-15% 0-5%
Medi um 20-40% 10-20% 0-7%
Hi gh 30-50% 20-30% o-lo%
Very H gh 40-60% 25-35% o-lo%

(From Blaikley, et al., 1977)

TABLE 4-3

EXAMPLES OF DI SPERSI ON CONSTANTS
(EKOFISK CRUDE)

W ND FORCE m/s o8 7-13 13- 20

>20

Di ssi pation
constant A’
in % per daj

First 10 days 1-9 5-23 20- 46 40-59

(From Audunson, 1980)
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NOTE : THE CURRENT SPEED, Uest, IS ESTIMATED AT THE AVERAGE
VALUE FOR THE INCIDENT (30 CM/S) FOR THE TURBULENCE
THEORY, AND ESTIMATED AT 5 CM/S FOR THE SURFACE TENSION
THEORY TO MAXIMIZE POSSIBLE AGREEMENTS BETWEEN FAY'S
THEORY AND THe OBSERVATION (MURRAy, 1972).

FIGURE 4-3: COMPARISON BETWEEN OBSERVED AND PREDICTED SLICK OUTLINE USING
FICKIAN DIFFUSION THEORY AND SURFACE TENSION THEORY OF FAY.
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5. MODEL INTEGRATION AND APPLI CATI ON

5.1 GENERAL

This section summarizes the oil spill dispersion nodeling
recommendati ons for Lower Cook |Inlet and sShelikof Strait,
Al aska. The integration of the separate conponents will be
presented and their application discussed. It should be
reenphasi zed that the nodel is in a conceptual state and as
such the finer working details are not at present avail able.
This conceptual nodel enbodies state-of-the-art technol ogy
tenpered w th regional characteristics and data accuracy,
coverage, and availability considerations which when inple-
mented will result in a significant advancenent of oil spill
nmodel i ng capabilities for OCSEAP and BLM prograns.

5.2 WIND FIELD MODEL APPLICATIONS

The typical flow patterns in Lower Cook Inlet and
Shelikof Strait were described in Section 22.1. |t was indi-
cated that a vertically integrated m xed-|ayer approach could
be used for this region. The envi si oned net hodol ogy for
calculation of the wind field wll be discussed in nore detail
in this section.

In order to compute the contribution of the wind drift to
an oil slick’s nmovenent, the oil spill transport model
requires specification of sea surface wnd velocity, Ujq, at
each grid point. For specified atnospheric stability and sur-
face roughness conditions, the sea surface w nd, Uyg, can be
rel ated to the 50 m wind velocity which will be conputed
using the Lavoi e nodel . lrw n {1979) has described a power-
| aw approach to this calculation while Businger et al. (1971)
have determned the relationship using a simlarity solution.
The sea surface wind velocity, Ujg, will be conputed follow ng
each calculation of the 50 m w nds.
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The m xed-|ayer nodel wll use the basic equations origi-
nally derived by Lavoie except that inprovements incorporated
into the code since that tinme by Keyser and Anthes (1976,
1977), Goodin (1976), and Overland et al. (1979) will be
i ncl uded. The nodifications which will be included are
i nproved paraneterizations of the entrai nnent mechani sm from
the stable layer to the m xed-layer, a nore sophisticated sur-
face tenperature calculation and inproved treatment of flow
over and around steep terrain, i.e., terrain will be allowed
to protrude above the m xed-layer. The nodel will then incor-
porate the best features of the various m xed-|ayer approaches
devel oped to date.

The m xed-1ayer nodel is envisioned to run in a diagnos-

tic (steady-state) node. Gven the required input data
(pressure gradient or geostrophic wind) at the 850 nb |evel,
the nodel would be run to a steady state sol ution. St eady

state solutions of this type resulting from different upper
| evel flows could be generated and stored. These stored w nd
fields would then be used in sequence for a multiday peri od.
|f one selects the upper level wind data corresponding to a
particul ar weather type catal oged by Putnins (1966), then
t hese types could be related to the resulting wind fields.
Since putnins' classification of each day between 1945 and
1963 is known, individual representative days or a specific
sequence of days could be selected for conputation.

Thi s diagnostic use of the Lavoie nodel would also be
appropriate for eventual use in a near real-time node if the
requi red upper |evel pressure gradient or geostrophic w nd
dat a could be obt ai ned. Key inputs tothis calculation are
the forecast values of wind velocity, tenperature, and rela-
tive humdity available from the National Wather Service.
These variables are forecast for 12, 24, 36, and 48 hours in
the future using the Limted-area Fine Mesh (LFM) nodel
(Gerrity, 1977) which is run at the National Meteorol ogical
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Center in Washington, D.C. The LFM calcul ations are perforned
every 12 hours (at O and 12z) using radiosonde data
col l ected throughout North Anerica at those tines. The
vari ables are conputed on a SO x 50 grid with horizonta

spacing of 160 km (see Figure 5-1); the vertical levels are
850 mb (1,500 m), 700 mb (3,000 m), and 500 mb (6,000 m). The
computed values are not available until approximtely 4 hours
after the data collection times as a result of processing

del ays.  The conputed variables at 850 mb and possibly 700 mb
woul d be the upper boundary values for the mesoscasle nodel.

Figures 5-2 through 5-4 show typical, conputer-generated
pressure surfaces from the LFM nodel. Figure 5-2 shows an 840
nb pressure surface with sone data points indicated, Figure
5-3 shows a 500 mb pressure surface with no data points, and
Figure 5-4 shows a close up of Figure 5-3.

5. 3 HYDRODYNAM C MODEL APPLI CATI ON

The hydrodynami c nmodel will be calibrated using existing
current neasurenent data taken in Lower Cook [nlet and
Shelikof Strait by PMEL during 1977 and 1978. Estimates of
runof f and inflow during the calibration period will be nade
and incl uded. Tidal forcing will be accounted for by spe-
cifying time dependent water surface elevations across two
ocean boundari es between Kodi ak Island and the Al askan and
Kenai Peni nsul as. Currents or flow rates would be specified
across these boundaries to sinulate the estinmated inflow/
outflow conditions during the calibration period of record.

Calculated tine series of depth-averaged currents woul d
be conpared to neasured currents at several l|ocations within
Lower Cook Inlet and shelikof strait. Initial efforts would
concentrate on nmeasurenments taken in | ower Shelikof Strait,
due to the relative lack of stratified flow conditions within
the Strait and the reasonably- uniform bathynetric profile of
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the cross section of the Strait. These conditions nore
cl osely approxinmate assunptions inherent in the depth-averaged
t wo- di mensi onal fornulation of the nodel. | f reasonable
calibration is obtained for these locations, then efforts can
be extended to the increasingly conplex bathymetric subsurface
and flow regime present in Lower Cook Inlet. If calibration
is successful in this region, the model would be run in a ver-
fication node to predict neasured currents during a tine
period different than that used for calibration.

Once calibrated and verified, the nodel can be utilized
in either anear-real tine predictive node or in adeter-
ministic node. The initial utilization of the nodel would be
for the latter case. A series of characteristic flow con-
ditions could be devel oped and estimates made for the spe-
cified boundary conditions. For exanple, the follow ng m ght
be chosen as the conditions that would characterize the dom -
nant flow regi nes:

0 strong, average, weak inflow at Kennedy and
St evenson Entrances

0 flow reversal s through Kennedy and Stevenson
Entrances

0 hi gh, average, and |ow freshwater inflow

0 spring, mean, and neap tidal input boundary
condi tions

Each separate run woul d account for a uni que combi nation
of these conditions. A sinulation period of 24 hours is envi-
sioned with current velocities stored at 1 hour intervals. An
i nterpolation scheme would be utilized to calculate velocities
bet ween stored tine periods. It may be possible, based on
somewhat |limted data, to estinmate probabilities of occurrence
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for the separate flow conditions and relate them to seasons as
well. If this can be done, the patterns could be cycled daily
depending on the season and according to the probability
generated in a flow transition natrix. This application would

al so be consistent with the recomended inplenentation of the
wind field nodel

Al though variations in residual currents for periods |ess
than 24 hours are not nodel ed (boundary flows and di scharges
are assumed constant) , the approach would provide nore
variability than assuming seasonal net current patterns. It
woul d al so be possible to add random vel ocity conponents,
based on statistical analysis of the current meter data, if
increased variability of residual currents is desired for
periods | ess than 24 hours. A statistical approach could also
be used to interpolate flow magnitude and di scharge variations
w thout running the hydrodynamic nodel for nore than the
limted base case conditions.

The near real-tinme application of the hydrodynam ¢ node
woul d require input data describing present runoff and dis-
charge conditions as well as tidal strength and phasing.
Estimates could be obtained for freshwater discharge through
stage-di scharge relationships for gaging stations and synthe-
tic hydrographic analysis for ungaged drainage basins. The
tidal strength and phasing could be obtained from NOAA publi -
cations and analyses for the current data of interest and, for
that matter, for any future date (in a forecast node). The
real problemin running the hydrodynam c nodel in a near real-
time node is specification of inflow outflow conditions at
ocean boundari es. This may require a statistical treatnent,
or if a spill occurs, a planned nonitoring of currents in the
associated straits. Advanzes in renote acoustical sensing of
currents may evolve to the point of providing this information
wWth the rapid resporse time required.

449



In addition, use of copAR generated surface currents

could replace or augnment the need for a hydrodynamic nodel in
the near real-tine operational node, if the areal coverage is
| arge enough to track a spill over the geographical area of
I nterest.

5.4 OIL DI SPERSI ON MODEL APPLI CATI ON
5.4.1 Spreadi ng

The deterministic approach to a dispersion phenonena
typically leads to a second order partial differentia
equat i on. Normal |y, for many practical problens, solutions
are obtained nunerically with the associated problens of spa-
cial and tenporal resolution, nunerical instability and arti -
ficial nuneri cal di ffusi on. Application of numerical
techniques to the deternministic approach is often nmath-
metically conpl ex and expensive (Runchal, 1980).

Stochastic techniques onthe other hand are conceptually

sinple and attractive. A spill is divided into n parcels and
the dispersion of the parcels is represented sinply as a
series of random di splacenments or wal ks. The direction and

| ength of each displacenent are independent random val ues.

For asufficiently |arge nunber of parcels, n, the individua
di spl acenents woul d approximate a normal or Gausian distribu-

tion which is representative of a dispersive cloud.

From statistical considerations it can be shown that the
random di spl acenment of a given parcel during tine t can be

gi ven by:

t+At 7
Axg = (fm,ﬁ)«) N, (33)

450



wher e:
AXg= di splacement in direction of the w nd
AYs = di spl acenent perpendicular to the wind
N,N.= normally distributed random nunbers with a nean of
zero and standard deviation of unity
K,K,= longitudinal and lateral diffusion coefficients
respectively as given by equations (24) and (25).

The nunerical integration scheme required to obtain the
di spl acenents can be approximted by using the average value
of K, and KY between the time t and t + At:

ax,= N, (2 Kx(um/z)m)uz (35)

Ay, = N:.(2Ky(t+At/2)Al)112 (36)

Though in principle, N, nmay take any value between -e and +«,
in practice, it proves sufficient to limt the nagnitude of
the extrenme values to a | ow nunber between 3 and 5.

The longitudinal and lateral diffusion coefficients, K,
and KY, are related to the equivalent isotropic diffusion
coefficient, k , and the elongation of the slick, p, by
equations (24) and (25).

The elongation, p, of the slick is given by equation
(18) and is a function of tinme, only reaching an asynptotic
val ue of 0.15 in about a week.

The equivalent isotropic diffusion coefficient, K,,is
defined herein to be the sum of the oceanic turbulent disper-
sion coefficient, p., as given by equation (14) and the pseudo
spreadi ng di spersion coefficient, Dy, as given by equation
(15) . Thus, X, and KY are both functions of time and spill
vol une.
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At any particular tine, the area of the slick is defined
to be that area bounded by the envelope of all parcel
| ocati ons.

5.4.2 Advection

The advection portion of a parcels displacenent will be
treated in a simlar manner to spreading or random noti on.
That is, advective notion will be deconposed into a conponent
in the direction of the wind and a conponent perpendicular to

the direction of the w nd.

The surface drift conponent in the direction of the w nd,

T W1l be obtained fromthe fornul as of Tsahlis presented in
Table 4-1. The surface drift conponent perpendicular to the
direction of the wind, Ty, will be assumed to equal the com
ponent of current velocity Cin that direction. The sea sur-
face wi nd velocity, U10s is obtained fromthe wind field node

and the current, C, is obtained from the hydrodynanic and
tidal currents. These conponents are defined in the follow ng
sket ch:

During a time step, At, the resulting displacement s
gi ven by:

t+A4At

AX, =f T, (t)at \ a7
t+ At

AY, = f Ty(t it (38)

The nunerical integration schene required to obtain the
di spl acenents can be approximated as follows:
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AX, T,( ¢ +At/2)Al (39)

AYy = Ty(H-At/z)At (40)

5.4.3 Total Displacenent

Therefore, based on conbi ned spreadi ng and advection
algorithms, total displacenent of a particle during a tine
step, t, is the sumof its displacenment due to the advective
transport and of its di splacement due to random di spersion,
and is given as follows:

AX = aXs t AX, (41)
AY, = AY, + AY, (42)

Substituting the values from equations (35), (36), (39) and
(40) gives:

AX = Nr(ZKx‘t-i-At/Z)At)"z + Tx(l+A!/2)At (43)

12
av, = N (2K (travz)a t)  + Ty(s + At/2)At (44)

5.4.4 Evaporation

Application of the evaporation algorithm recommended for
this nodel requires that the oil to be nodeled is broken down
into n conponents (2=n =15) of volatiles and nonvol atil e.
The physical and chemical properties of each conponent nust be
known as a function of their respective nole fraction.

Considering one conponent of the oil, during a tine

interval At, the evaporative loss of mass, Am that is renoved
fromthe slick is given by:
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t+4t
Am 'JKe“’Cs“’PI“’A‘”Mi At/RT (45)
t
This can be approximated if At is small enough (on the order
of an hour or so) as:

Am = K (1+4172) C ()Pt +Au2)At+Ar2) M, At (46)
R Ta+Awz)

wher e:

= evaporative nmass transfer coefficient

= nole fraction of the ith conponent

= universal gas constant

= air tenperature above the oil slick (°K)

= area of the oil slick

= nolar nmass of the ith conponent

pure conponent vapor pressure at the oil tenperature.

= > H4 10O X
I

Pj

There are several assunptions which are inherent in

treating evaporation in the above nanner. The oil sliek is
nodel ed as one of uniform thickness which renains perfectly
m xed both horizontally and vertically. In actuality, dif-
ferent conponents spread at different rates and the slick
tends to fractionate. Assum ng perfect vertical mxing is
equi valent to assumng that diffusion within the slick can
keep up with evaporation fromthe slick surface. However,
during the beginning of the slick’s life, the slick is at its
thi ckest and evaporation at its fastest. Thus, the proper

conditions are presented for diffusion within the slick to be
the rate-limting process. Another approximtion is that the
oil is a perfect mxture and the behavior and properties of
one hydrocarbon are not affected by the presence of others.

In reality, nost oil nixtures are not ideal. There is

interaction between fractions. For exanple, there is a heat
of solution caused by mxing that nust be overcome in addition
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tothe heat of vaporization, for evaporation to occur. At the
present state-of-the-art, these conplexities in nodeling eva-
poration have not adequately been resol ved. Therefore, the
evaporative flux fromeach idealized fraction is linearly con-
fined for each tine step.

The total mass that evaporates during one time step, t, is:

n
Amt=2Am' (47)
i=1
This mass is removed fromthe slick and a new slick density is

conput ed.
545 Verti cal Di spersion

The vertical or natural dispersion nodel reconmended for
integration into the oil di spersion nodel is the approach
descri bed by Audunson (1980). The percentage of oil dispersed
per day is estimated from a , which is calculated by equation
(32). The percentage of oil, Q dissipated during the time
step At woul d then be given as:

where At i S in mnutes.

The val ue of Q is conservatively assuned to go to zero after
10 days of sinulation. The value of Q is cal cul ated using the
| ocal value ofw , the 10 neter wi nd speed, obtained fromthe
wind field program

55 MODEL | NTEGRATI ON

Asinplified flow chart of the inajor. elements of the con-
ceptual oil dispersion nodel is presented in Table 5-1. The
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table indicates the type of input required, the interaction of
t he nodel elements, and the output. The nodel will be able to
run in either a deterministic or near real-tine node, although
at present the deterministic nmode is envisioned to be the
approach utilized in the next generation of oil spill studies
applied to Lower Cook Inlet and shelikof Strait.
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TABLE 5-1
FLOW CHART

0IL DISPERSION MODEL INTEGRATION

INPUT l MODEL ELEMENT I OUTPUT
1 t
| |
850 mb | ‘ WIND SPEEDE& DIRECTION
STEADY STATE FIELDS
PRESSURE GRADIENT S
SSUOR ¢ WIND FIELD MODEL ggﬁ%ﬁ;oggg\l& T(RTTERN
1 P
GEOSTROPHIC WIND | R ThERATRe)
I \
\ \
| |
\ \
BOUNDARY TIDAL HEIGHTS . | GRIDDED DEPTH-AVERAGE

BOUNDARY FLOWS
FRESHHATER INFLOW

WIND FIELD TRANSITION
MATRIX

LOCATION OF SPILL
ELAPSED TIME SINCE SPILL

TYPE OF SPILL
« CONTINUOUS
o DISCRETE
VOLUME OR RATE OF SPILL

TYPE OF OIL
« COMPONENTS
« HOLE FRACTION
« MOLAR MASS

« COMPONENT VAPOR PRESSURE ! y

AR &WATER TEMPERATURE
AREA OF SLICK

—T—| HYDRODYNAMIC MODEL

CURRENTS AT 1HOUR
INTERVALS FOR COMPLETE
TIDAL CYCLE

SPREADING
&
ADVECTION

SIZE, SHAPE & LOCATION
OF OIL SLICK

—_—

|

|

|

|

|

|

I
—4}~——=1 OIL DISPERSION MODEL

I

|

|

|

I
—_—

| »

| I

|

|

|

|

EVAPORATION &
| VERTICAL DISPERSION
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LOSS OF OIL FROM SLICK
WITH TIME & CHANGE IN
OIL DERSITY
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